Myometrial inflammation is thought to have a pivotal role in the onset of term and some forms of preterm labour. This is based on the comparison of samples taken from women undergoing term elective CS prior to the onset of labour with those taken from women in established labour. Consequently, it is not clear whether myometrial inflammation is a cause or a consequence of labour. Our objective is to test the hypothesis that myometrial inflammation is a consequence of the onset of labour. To test this hypothesis, we have obtained myometrial samples from women at various stages of pregnancy and spontaneous labour and studied the activation of the AP-1 (c-Jun) and NFκB (p65) systems, cytokine mRNA expression and protein levels and inflammatory cell infiltration and activation. We found that the activation of p65 declined from preterm to term not in labour samples and thereafter increased in early and established labour. Cytokine mRNA expression and protein levels increased in established labour only. Using flow cytometry of myometrial tissue, we found that the number of neutrophils did increase with the onset of labour, but on tissue section, these were seen to be intravascular and not infiltrating into the myometrium. These data suggest that myometrial inflammation is a consequence rather than a cause of term labour.
Introduction
The factors controlling the onset of human labour at term are unknown. Our failure to understand one of the most important of physiological processes means that our attempts to stop labour, when it occurs too soon, or to induce labour, when pregnancy is prolonged, are often unsuccessful and associated with significant morbidity and mortality. Certainly, prostaglandins and oxytocin are key players in the final common pathway, promoting myometrial contractility, meaning that their agonists and, in the case of oxytocin, antagonists, are commonly used to promote and inhibit contractions, respectively. However, the use of tocolytics, including the oxytocin receptor antagonist, Atosiban, does not improve neonatal outcomes (Haram et al. 2015) and neither prostaglandins nor oxytocin are universally successful when used for the induction of labour, where both have the propensity to cause uterine hyperstimulation and fetal hypoxia (Wing & Sheibani 2015) . These observations support the assertion made by the WHO that no progress will be made in the 235:1 management of preterm labour until we understand the processes involved in human labour.
Myometrial inflammation is held to play a key role in the onset of labour, repressing progesterone action , Condon et al. 2006 , driving prolabour gene expression, including prostaglandin biosynthetic enzymes (Lindstrom & Bennett 2005) and the oxytocin receptor (Terzidou et al. 2006) . Increased myometrial prostaglandin and oxytocin activity promote myometrial contractility (Smith 2007) and, in the case of prostaglandins, contribute to the functional withdrawal of progesterone (Mesiano et al. 2002 , Madsen et al. 2004 . Myometrial inflammation was originally described by Azziz and coworkers, in a study investigating the occurrence of endomyometritis post Caesarean section (CS) (Azziz et al. 1988) . This study showed that myometritis and chorioamnionitis occurred in 10% of asymptomatic intrapartum CSs and suggested that infection was involved in the onset of term labour in some cases (Azziz et al. 1988) . Later publications from Norman and coworkers emphasized the association between labour and inflammation, demonstrating an intense inflammatory myometrial infiltration of monocytes, neutrophils and macrophages (Thomson et al. 1999 , Young et al. 2002 , Osman et al. 2003 . All myometrial gene array studies have identified inflammation as a key component of labouring myometrium (Bisits et al. 2005 , Esplin et al. 2005 , Breuiller-Fouche & Germain 2006 , Bollapragada et al. 2009 , Mittal et al. 2010 , Weiner et al. 2010 . In more recent publications, Norman and coworkers have shown that inflammatory cytokines, bacterial lipopolysaccharide (LPS) and monocytes themselves can increase myometrial cell contractions, the first through increased prostaglandin synthesis and the second through a direct effect on ROCK activity (Hutchinson et al. 2014 , Rajagopal et al. 2015 . Interestingly, the pro-contractile effect of monocyte culture medium could be reversed by progesterone (Rajagopal et al. 2015) . This is consistent with the existence of a mutually antagonist relationship between progesterone and inflammation, which is the basis of several theories for the onset of labour , Condon et al. 2006 .
Collectively, these data show that labour is associated with inflammation and that inflammation can drive the onset of labour, but why would the myometrium become inflamed? Two mechanisms have been proposed, the first involves the secretion by the mature fetal lung of surfactant protein A (SP-A), which activates the pro-inflammatory transcription factor NFκB (Condon et al. 2004) ; interestingly, the SP-A-knockout mouse has delayed parturition (Montalbano et al. 2013) . The second theory involves myometrial stretch, whereby the growing pregnancy increases myometrial wall strain, activating the pro-inflammatory transcription factors NFκB and AP-1, which drive the expression of pro-inflammatory cytokines (Hua et al. 2012) . This last theory is supported by the observation of increased rates of preterm labour in conditions such as multiple pregnancy, polyhydramnios and uterine malformations (Stock & Norman 2010) and the observation of an inflammatory pulse in response to inflation of intra-amniotic balloons in a non-human primate model of stretch-induced preterm labour (Adams Waldorf et al. 2015) . However, despite the fact that there are plausible reasons for myometrial inflammation to occur, the key question remains; does myometrial inflammation actually occur prior to the onset of labour or is it simply a consequence of labour?
In the current study, we obtained myometrial samples from women at various stages of pregnancy and spontaneous labour and studied the activation of the AP-1 (c-Jun) and NFκB (p65) systems, cytokine profile and inflammatory cell infiltration in order to define when myometrial inflammation occurs in relation to the onset of labour. We reason that if myometrial inflammation is responsible for the onset of labour, then it should be present in the latent phase of labour, which we refer to as early labour; if, on the other hand, myometrial inflammation is a consequence of labour, then, it will only be apparent in samples obtained after labour is established.
Materials and methods

Tissue collection
All procedures involving human tissues were conducted in compliance with the London-Chelsea Ethics Committee. Informed consent was obtained from all women prior to any tissue collection. The demographic details are shown in Table 1 . Labour was defined as the presence of regular uterine contractions every 3-4 min. To study the inflammatory changes during pregnancy, at the onset of labour and after labour occurred, it was important to further define labour into early (otherwise called latent) and established labour. Early labour, or the latent phase of labour, is the period between no labour and established labour; it is defined clinically as uterine contractions with a cervical dilatation of 3 cm or less. Established labour is defined clinically as uterine contractions with a cervical dilatation of 3 cm or more. In all the labouring women, the onset of labour was spontaneous and the progress 235:1 of labour was normal. Women in whom oxytocin was used or who had prolonged rupture of membranes or chorioamnionitis were excluded.
Samples were obtained from 4 groups of women at preterm no labour (PTNL), term no labour (TNL), term early labour (TeL) and term established labour (TestL). The indications for the CS were for previous CS, breech presentation or fetal distress. From each woman, myometrial biopsies were taken from the upper aspect of the lower segment uterine incision. All the samples were collected and frozen at −80°C immediately. We tried to use the same samples throughout the study and all the samples used for rt-PCR and multiplex assay were all matched. However, due to the number of experiments and limited amount of tissue available, for the active motif assays (c-Jun and p65 activation), 4 PTNL, 5 TNL and 4 TeL samples were not available.
Cytokine mRNA expression in myometrial samples
The mRNA levels of TNFα, CCL2, CXCL8, CXCL1 and CXCL2 was determined in myometrial samples obtained from women (mean gestational age ± s.d. and n in each case) undergoing CS at PTNL (33.8 ± 1.7 weeks, n = 17), TNL (39.3 ± 0.8 weeks, n = 18), TeL (cervical dilatation 3 cm, 38.4 ± 1.3, n = 14) and TestL (cervical dilatation >3 cm, 39.6 ± 1.1 weeks, n = 14). The samples were homogenised using the Precellys24 Dual system and CK Mix tubes (Bertin Instruments, Paris, France) in RNA Stat (AMS Biotechnology, Milton, Oxfordshire, UK) according to the manufacturer's instructions. After chloroform addition and centrifugation, RNA extraction from the supernatant was completed using an RNeasy mini kit (Qiagen), as per the manufacturer's instructions. RNA quality and quantity was assessed using a NanoDrop (Thermo Scientific). After RNA quantification, 1.0 µg was reverse transcribed with oligo dT random primers using the MuLV reverse transcriptase system (Applied Biosystems), according to the manufacturer's protocols.
Primer sets for genes listed on Supplementary Table 1 (see section on supplementary data given at the end of this article) were designed and obtained from Invitrogen. Assays were validated for all primer sets by confirming that single amplicons of appropriate size and sequence were generated according to predictions. Quantitative PCR was performed in the presence of SYBR Green (Applied Biosystems), and amplicon yield was monitored during cycling in a RotorGene Sequence Detector (Qiagen) that continually measures fluorescence caused by the binding of the dye to double-stranded DNA. Pre-PCR cycle was 10 min at 95°C followed by up to 45 cycles of 95°C for 20 s, 58-60°C for 20 s and 72°C for 20 s followed by an extension at 72°C for 15 s. The final procedure involves a melt over the temperature range of 72-99°C rising by 1° steps with a wait for 15 s on the first step followed by a wait of 5 s for each subsequent step. The cycle in which fluorescence reached a pre-set threshold (cycle threshold) was used for quantitative analyses. The cycle threshold in each Table 2 ) and due to buffer incompatibility, onto an additional separate Bio-Plex CCL5 single-plex assay. Samples were run in singlicate due to the number of samples available and to allow all samples to be run on the same plate, thereby eliminating inter-plate variation in our analyses. Appropriate standards and controls were provided with the assays and both were completed in accordance with the manufacturer's instructions.
Myometrial transcription factor activation
We assessed the activity of the NFκB and MAPK/AP-1 pathways in myometrial tissue samples using a variety of techniques. Initially, we used western analysis, but this allowed for the comparison of relatively small numbers and is semi-quantitative (data not shown). We next tried a multiplex analysis (data not shown) and found the data were inconsistent with the western analysis and later methods (data not shown). Finally, we used a single factor ELISA and a DNA-oligomer-based active motif assay and found that these last 2 give consistent results and hence have presented the data from the active motif assays for c-Jun and p65.
Active motif assay
Relative levels of phospho-p65 and phospho-c-Jun were measured using TransAMTM NFκB and TransAMTM AP-1 transcription factor DNA-protein-binding assays (Active Motif, Carlsbad, CA, USA) from women (mean gestational age ± s.d. in each case), at preterm no labour (PTNL; 34.2 ± 1.2 weeks, n = 13), term no labour (TNL; 39.3 ± 0.8 weeks, n = 14), TeL (38.3 ± 1.2 weeks, n = 17) and TestL (39.5 ± 1.0, n = 14). Whole cell lysates were prepared using a Precellys24 bead homogenizer (Stretton Scientific Ltd, Stretton, Derbyshire, UK), with the Active Motif Nuclear Extraction Kit, in accordance with the manufacturer's instructions for preparations from frozen tissues. Protein concentrations were quantified using a DC Protein Assay (Bio-Rad). 100 μg and 200 μg of protein lysate were added per sample well for the TransAMTM AP-1 and TransAMTM NFκB respectively and diluted in the appropriate individual transcription factor assay lysis buffer. Assays were completed according to the manufacturer's instructions.
Flow cytometry
Myometrial tissue was weighed, cut finely and incubated on a rotator at 37° for 40-50 min with liberase (1 mL/100 µg of tissue; DNAse 200 µg/mL, Liberase 100 µg/mL in PBS). Then, it was vigorously shaken and poured through a 40 µm cell strainer with FACS wash buffer (FWB) (PBS/1% human serum (Sigma)/1 mM EDTA (Sigma)) to a total of 15 mL. The mixture was then centrifuged at 700 g for 5 min and the supernatant was poured off, the pellet was dried with tissue paper and resuspended in FWB and then incubated with antibodies at 4°C for 30 min. The neutrophils were defined as: CD11b+, CD45+, CD115+, CD56− and CD11c+ and the monocytes/macrophages defined as: CD11b+, CD45+, CD115−, CD56−, CD14+. The following antibodies were used: anti-humanCD11c (FITCCD11, cat no. 301603/4, BioLegend, San Diego, CA, USA), anti-human-CD115 (PECD115, cat no. 347303/4, BioLegend), anti-cd11b (PE-CF594CD11b CAT NO. 562317, BD Biosciences), anti-human-HLA-DR (PerCpCD66b cat no. 307609/10, BioLegend), antihuman-CD56 (PeCy7CD56 cat no. 318318, BioLegend), anti-human-HLA-DR (APC/Ax647HLADR/BLANK cat no. 307609/10, BioLegend) and anti-human-CD45 (Ax780CD45 304014, BioLegend).
Immunohistochemistry
A subset of the myometrial biopsies were used for histological analyses from the 3 groups of women TNL (39.3 ± 0.8 weeks, n = 8), TeL (39.6 ± 1.1 weeks, n = 7)
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and TestL (38.5 ± 1.3, n = 8). Biopsies were immersion fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained by immunohistochemistry with antigen retrieval for CD68 macrophages as previously described (Dubicke et al. 2016) . To assess the density of macrophages and cell nuclei, brown CD68-stained cells associated with methyl green-stained cell nuclei, as well as the total number of cell nuclei/area in the myometrium were counted in 6-8 representative photomicrograph in 2 sections/biopsy. Analyses of each photomicrograph excluded areas with folds, tears or blood vessels. Images were analysed using the cell counter plugin as part of ImageJ. These same sections were also analysed using Stereologer software, an unbiased cell counting programme that takes a statistical approach to randomly sample volumes and spatial distributions within regions of interest (Gundersen & Jensen 1987 , Burke et al. 2009 ).
Bayesian network construction
The reader is referred to previous publications for a detailed account of the background and methodology of Bayesian network-based modelling of cytokine interactions (Field et al. 2015) . Briefly, Bayesian networks are probabilistic graphical depictions of interacting variables in which the parameters investigated are nodes whose status is governed by that of its immediate parents, whilst their interactions are represented by directed edges underpinned by conditional probability tables quantifying the probability of the state of the daughter node (in this instance, relative concentration) given the state of its immediate upstream parent(s). Prior (seed) networks containing proteins from analytical target sets were learned from a combination of relationships established from the biomedical literature and proteinprotein interaction databases. Agilent Literature Search (www.agilent.com/labs/research/litsearch.html) and MetaCore Inc. (https://lsresearch.thomsonreuters.com/ pages/solutions/1/metacore) were used to generate the prior networks along with thorough hand curation. The resultant seed networks were combined with results from the text mining web application Predictionet (www.bioconductor.org/packages/devel/bioc/html/ predictionet.html). Conflicting network edges, which caused feedback cycles, were eliminated as Bayesian networks inherently preclude the existence of structural cycles. Typically, the network structure close to the prior network has the higher probability and the parametric formula for this scoring metric prior structure-related factor has been given elsewhere (Field et al. 2015) . In order to establish a high-confidence network, a machine-learning algorithm implemented in the WEKA-based MeV package (www.cs.waikato.ac.nz/ml/weka/) was employed to refine the seed network in conjunction with the experimental data. Prior to conducting the Bayesian analysis, raw data were normalised using z-scores and discretised into categorical data using z-scores in Matlab before being assigned to three mutually exclusive equal size relative concentration bins each represented by a colour code (low, red; intermediate, white; high, green) determined by its own allied underlying histogram. These data were used to learn the Bayesian network. Only nodes a maximum of three parents were selected, as per convention in the field. Very high stringency (confidence = 0.9; i.e. features occurring in ≥90% of iterations) non-parametric bootstrapping was applied (100 operations) to address any potential overfitting and increase the robustness of the Bayesian analysis. This was achieved by creating multiple data sets by resampling with replacement in order to obtain a measure of the confidence in the various network interactions. A combination of metrics and search algorithms was used to optimise result sensitivity (the Tabu Search algorithm was used to optimize the Bayes (BDe) score as the selected scoring metric). The directed acyclic graph was then portrayed using Cytoscape (www.cytoscape.org).
Statistical analysis
All data were initially tested for normality using a Kolmogorov-Smirnoff test. Normally distributed data were analysed using a Student's t-test for two groups and an ANOVA followed by a Dunnett's or Bonferroni's post hoc test for three groups or more. Data that were not normally distributed were analysed using a Wilcoxon matched pair test for paired data and when comparing three groups or more a Friedman's test, with a Dunn's multiple comparisons post hoc test. A P value of <0.05 was considered statistically significant. 
Results
Clinical characteristics of the myometrial samples
Myometrial transcription factor activation
We assessed the activity of the NFκB and MAPK/AP-1 pathways in myometrial tissues. Intriguingly, the binding of p65 was greater in the PTNL samples compared to the TNL (Fig. 1A) . However, with the onset of labour, p65 binding increased progressively, being greater in both the TeL and TestL samples than that in the TNL samples (Fig. 1B) . In contrast, c-Jun binding did not change (Fig. 1B and D) .
Myometrial cytokine mRNA expression
No differences were found in samples from PTNL and TNL women for the mRNA expression of a range of cytokines: pro-inflammatory (IL-1β, TNFα, IL-6; Fig. 2A , B and C), anti-inflammatory (IL-4 and IL-10, Fig. 2D and E) and chemokines (CCL2, CXCL8, 1 and 2, Fig. 2F , G, H and I). In samples obtained from women at TNL, TeL and TestL, the mRNA expression of IL-6 (P < 0.01, Fig. 4C ), CXCL8 (P < 0.001, Fig. 4G ) and CXCL1 (P < 0.01, Fig. 4H ) was greater in TestL samples compared to TNL samples. The increase in IL-1β mRNA expression did not reach significance (P = 0.059, Fig. 4A ).
Myometrial cytokine protein levels
Representative cytokines levels, matching the mRNA data above, are shown in Figs 3, 4 and 5 with the remainder shown in Supplementary Figs 1, 2 and 3 . There were no differences between PTNL and TNL samples (Fig. 3) . In the term myometrial samples, the levels of IL-1β (P < 0.05, Fig. 5A ), IL-6 (P < 0.001, Fig. 5C ), IL-4 (P < 0.01, Fig. 5D ), IL-10 (P < 0.01, Fig. 5E ), CCL2 (P < 0.01, Fig. 5F ), CXCL8 (P < 0.01, Fig. 5G ), CXCL1 (P < 0.01, Fig. 5H ) and CXCL2 (P < 0.05, Fig. 5I ) increased in TestL compared to TNL samples. For the Supplementary Figs 1, 2 and 3, significant differences were seen between term established labour samples and TNL and/or TeL samples; there were no differences between TNL and TeL for any of the analytes (Supplementary Figs 1, 2 and 3 ).
Myometrial inflammatory cell infiltration
We used flow cytometry and immunohistochemistry to assess the changes in myometrial inflammatory cell numbers between TNL and TeL samples. Figure 1 (A, B, C and D) Lower segment human myometrial samples were obtained from four groups of women at the time of Caesarean section from women (mean gestational age ± s.d. in each case), at preterm no labour (33.5 ± 2.0 weeks, n = 18), TNL (39.3 ± 0.8 weeks, n = 18), early labour (cervical dilatation <3 cm, 39.6 ± 1.1 weeks, n = 14) and established labour (cervical dilatation >3 cm, 38.5 ± 1.3, n = 14). The samples were homogenised and relative levels of phospho-p65, NFκB and phospho-c-Jun were measured using TransAMTM NFκB and TransAMTM AP-1 transcription factor DNA-protein-binding assays (Active Motif, Carlsbad, CA, USA). Normally distributed data were analysed using a Student's t-test for two groups and an ANOVA followed by a Dunnett's or Bonferroni's post hoc test for three groups or more. Data that were not normally distributed were analysed using a Mann-Whitney test for 2 groups and when comparing three groups or more a Friedman's test, with a Dunn's multiple comparisons post hoc test. The data are shown as median with interquartile ranges. The P values are demonstrated by *P < 0.05, **P < 0.01 and ***P < 0.001.
The flow cytometry data suggested that the numbers of neutrophils increased in the myometrium in TeL (P < 0.05, Fig. 6A ), but not in the blood (Fig. 6C ). Monocyte and macrophage numbers were unaltered in both locations ( Fig. 6B and D) . Analysis of the tissue sections suggested that the neutrophils were predominately a marginated intravascular or perivascular population and that they had not entered the myometrium itself (Fig. 7A) . CD68-stained macrophages were evident in myometrium among all groups of pregnant women at term (Fig. 7B) . The density of cell nuclei and macrophages was not significantly different whether women were in or not in labour. Counting of cell nuclei/area and macrophages using non-biased stereology replicated results of manual procedures.
Bayesian networks
Preterm no labour
Preterm non-labouring networks featured all nodes at relatively low concentration ( Supplementary Fig. 4 ). Most principal parents remained conserved relative to other networks, featuring CCL8, CCL20, CTACK (CCL27), eotaxin, eotaxin-2, GCP-2, GM-CSF, IL-1β, I-TAC (CXCL11), MDC (CCL22), MIF, MIG, MIP-1α (CCL3), RANTES and TNF-α. CCL25 was confined to a side branch. Terminal nodes were broadly similarly conserved and included CCL1, CCL2, CCL15, CCL17, CCL19, CCL23, GRO-α, IL-16 and SDF-1α (CXCL12). The previous definition of a structural hub that we have used was a node with >1 input and output edges totalling ≥5 Figure 2 (A, B, C, D, E, F, G, H and I) Lower segment human myometrial samples were obtained from two groups of women at the time of Caesarean section (mean gestational age ± s.d. in each case), at preterm no labour (33.5 ± 2.0 weeks, n = 18) and TNL (39.3 ± 0.8 weeks, n = 18). The samples were homogenised and RNA was extracted and converted to cDNA. Copy numbers of IL-1β, TNFα, IL-6, IL-4, IL-10, CCL2, CXCL8, CXCL1 and CXCL2 mRNA were measured by quantitative rtPCR. The data were not normally distributed and were analysed using a Mann-Whitney test for 2 groups. The data are shown as median with interquartile range. (Field et al. 2015) . None of the nodes herein met these criteria, although some hub-like integrative features were noted for GRO-β (CXCL2) (4 inputs, 1 output), IFN-γ (3 inputs, 2 outputs), IL-2 (2 inputs, 5 outputs), IL-6 (5 inputs, 2 outputs) and IL-8 (CXCL8, 5 inputs, 1 output). CXCL13 and CXCL16 were orphaned from the network.
Term no labour
TNL networks were characterized by a complex network (in terms of the number of parents and terminal nodes) wherein all mediators were present at relatively low concentrations ( Supplementary Fig. 5 ). Multiple terminal nodes were identified, including SDF-1α (CXCL12) (major), CCL1, CCL2, CCL15, CCL17, CCL19, CCL23, eotaxin-3, GRO-α (CXCL1) and IL-16 (minor). Several original parents were also seen, RANTES and TNF-α most prominently, but also CCL8, CCL20, CCL21, CCL25, CTACK (CCL27), eotaxin, eotaxin-2, GCP-2, GM-CSF, IL-1β, I-TAC (CXCL11), MDC (CCL22), MIF, MIG and MIP-1α (CCL3). None of the nodes herein met these criteria, although some hub-like features were noted for GRO-β (CXCL2, 4 inputs, 1 output), IFN-γ (3 inputs, 2 outputs), IL-2 (2 input edges, 3 output edges), IL-6 (5 inputs, 2 outputs) and IL-8 (CXCL8, 5 inputs, 1 output). CXCL13 and CXCL16 were both orphaned from the network. preterm no labour (33.5 ± 2.2 weeks, n = 18) and TNL (39.3 ± 0.8 weeks, n = 19) and chemokine protein levels were measured (Bio-plex human cytokine 40-plex-array kit, Bio-Rad). The protein content of the samples was established by serial dilutions, before cytokine analysis in the multiplex assay using an 8-point calibration curve for each individual analyte produced from manufacturer-supplied set standards of known concentration and presented as concentrations (pg/mL). Normally distributed data were analysed using a Student's t-test for two groups and not normally distributed were analysed using a Mann-Whitney test for 2 groups. The data are shown as median with interquartile range.
Term early labour
TeL networks featured I-TAC (CXCL11) as the only node at relatively high concentration, while all others remained at low concentration with the exception of CCL15, which was at intermediate concentration ( Supplementary  Fig. 6 ). Principal parents included CCL20, CCL21, CTACK (CCL27), eotaxin-2, GM-CSF, IL-1β, I-TAC (CXCL11), MDC (CCL22), MIF, MIG, MIP-1α (CCL3), RANTES and TNF-α. Terminal nodes comprises CCL1, CCL2, CCL8, CCL15, CCL19, CCL23, CX3CL1, CXCL16, IL-16 and, with multiple input edges, . Nodes with hub-like features included eotaxin (1 input, 4 outputs), GRO-β (CXCL2, 4 inputs, 1 output), IFN-γ (3 inputs, 3 outputs), IL-2 (2 inputs, 3 outputs), IL-6 (5 inputs, 2 outputs) and IL-8 (CXCL8, 4 inputs, 2 outputs). CXCL13 was the only node orphaned from the network.
Term established labour
Term established labour networks featured CTACK (CCL27) at relatively high concentration, unlike all its counterparts ( Supplementary Fig. 7 ). Most principal parents were conserved; most prominent were CTACK (CCL27), RANTES and TNF-α, but also CCL8, CCL20, eotaxin, eotaxin-2, GCP-2, GM-CSF, IL-1β, MDC (CCL22), MIG, I-TAC (CXCL11), MIF and MIP-1α (CCL3). CCL21 was confined to a side branch. Fewer terminal nodes were identified, principally SDF-1α (CXCL12); all the Figure 4 (A, B, C, D, E, F, G, H and I) Lower segment human myometrial samples were obtained from three groups of women at the time of Caesarean section from women (mean gestational age ± s.d. in each case), at TNL (39.3 ± 0.8 weeks, n = 18), early labour (cervical dilatation <3 cm, 39.6 ± 1.1 weeks, n = 14) and established labour (cervical dilatation >3 cm, 38.5 ± 1.3, n = 14). The samples were homogenised and RNA was extracted and converted to cDNA. Copy numbers of IL-1β, TNFα, IL-6, IL-4, IL-10, CCL2, CXCL8, CXCL1 and CXCL2 mRNA for the TNL, early and term established labour samples were measured by quantitative rtPCR. The data were not normally distributed and were analysed using a Friedman's test, with a Dunn's multiple comparisons post hoc test. The data are shown as median with interquartile range. The P values are demonstrated by **P < 0.01 and ***P < 0.001.
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others were conserved relative to the non-labouring networks, viz., CCL2, CCL17, CCL19, CCL23, GRO-α (CXCL1) and IL-16. Nodes with hub-like features included GRO-β (CXCL2, 4 inputs, 1 output) and some of those noted in early labouring networks being conserved, namely IL-2 (2 inputs, 3 outputs), IL-6 (5 inputs, 2 outputs) and IL-8 (CXCL8, 5 inputs, 1 output). CXCL13 and CXCL16 were again both orphaned from the network.
Discussion
Our data suggest that myometrial inflammation is a secondary event, present only with established labour and not preceding or occurring at the same time as the onset of labour. However, we did find evidence for the activation of the pro-inflammatory transcription factor NFκB in early labour, possibly driving the later increase in mRNA and protein levels of chemokines and proinflammatory cytokines. Also, we found that for many cytokines, protein levels increased in established labour without any increase in mRNA, suggesting a posttranscriptional regulation. Consistent with the later increase in chemokine levels, we found no evidence of inflammatory cell infiltration of the myometrium with the onset of labour.
Key to our conclusions is the distinction between early and established labour. In clinical practice, the first Figure 5 (A, B, C, D, E, F, G, H and I) Lower segment human myometrial samples were obtained at the time of Caesarean section and used to compare the cytokine protein levels in three groups of women: TNL (39.3 ± 0.8 weeks, n = 19), TeL (38.4 ± 1.3 weeks, n = 21) and term established labour (39.5 ± 1.0, n = 14). After the protein content of the samples was established by serial dilutions, the cytokines were quantified using Bio-plex human cytokine 40-plex-array kit (Bio-Rad) using an 8-point calibration curve for each individual analyte produced from manufacturer-supplied set standards of known concentration and presented as concentrations (pg/mL). Normally distributed data were analysed using an ANOVA followed by a Dunnett's or Bonferroni's post hoc test and not normally distributed were analysed using a Friedman's test, with a Dunn's multiple comparisons post hoc test. The data are shown as median with interquartile range. The P values are demonstrated by *P < 0.05, **P < 0.01 and ***P < 0.001.
235:1
stage of labour consists of two phases: the latent phase (early labour) and the active phase. The latent phase has been described as 'a period of time when there are painful contractions, and there is some cervical change, including cervical dilatation up to 4 cm' (NICE 2014) . In this study, we have collected samples from women in the latent or early phase of labour who experienced contractions occurring more than 2 in every 10 min with evidence of changes in the cervix over 4-6 h. These women had either planned to have an elective CS or their baby was found to be a breech presentation when they presented in early labour or in the latent phase. It is difficult to predict the eventual outcome of the cohort of women recruited into this study as they were delivered by CS while still in the latent phase of labour. However, to validate this approach, we assessed a similar cohort of 44 women who planned to have a vaginal birth after a CS and examined their eventual outcome after they were admitted in spontaneous early labour. Of the 38 women, 31 (82%) had a vaginal delivery and 7 (18%) an emergency CS for failure to progress in Figure 6 (A, B, C and D) Lower segment human myometrial samples were obtained at the time of Caesarean section and used for flow cytometry: TNL (38.7 ± 0.7 weeks, n = 6), TeL (38.9 ± 1.1 weeks, n = 5). The tissues were homogenised and the neutrophils defined as: CD11b+, CD45+, CD115+, CD56−, CD11c+ and the monocytes/macrophages defined as: CD11b+, CD45+, CD115−, CD56−, CD14+. Normally distributed data were analysed using a Student's t-test for two groups and data that were not normally distributed were analysed using a Mann Whitney test for 2 groups. The data are shown as median with interquartile range.
The P values are demonstrated by *P < 0.05.
Figure 7
(A and B) Photomicrographs of sections from a biopsy of uterine myometrium from a patient in each study group at TNL, early labour (TeL), or established labour (TesL). Sections were processed by immunohistochemistry to stain neutrophil elastase and cell nuclei counterstained with methyl green as detailed in 'Methods' section. Scale bar = 25 µm. (A) The data were normally distributed and analysed using an ANOVA followed by a Dunnett's post-hoc test for three groups or more. (B) Photomicrographs from myometrium in biopsy of uterus from women at term no labour (TNL; 39.3 ± 0.8 weeks, n = 8), TeL (39.6 ± 1.1 weeks, n = 7), and term established labour (TestL, 38.5 ± 1.3, n = 8). Sections were stained by immunohistochemistry for macrophages (CD68) and cell nuclei counterstained with methylgreen. Density of cell nuclei (CN) and macrophages were counted by Stereologer (St, n = 5) or Manual (M, n = 7-8) as detailed in 'Methods' section. Scale bar = 50 µm. The data were normally distributed and analysed using an ANOVA followed by a Dunnett's post-hoc test for three groups or more.
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labour. 30 of these women spontaneously laboured and delivered within 36 hours of presenting to the maternity unit. One woman delivered between 36 and 48 h.
Myometrial transcription factor activation has not been studied extensively during human pregnancy. Although many studies have used primary myometrial cell cultures to investigate the signalling pathways activated by stretch, NFκB, AP-1 and C/EBP (Sooranna et al. 2004 , 2007 , and inflammation, NFκB and AP-1 , Sooranna et al. 2007 , Khanjani et al. 2011b ). Condon and coworkers reported that NFκB was activated in fundal myometrial samples obtained from women in active labour, between 2 and 9 cm or after vaginal delivery (Condon et al. 2006) , we were not able to replicate these findings in a previous study (Khanjani et al. 2011a) . In the mouse, NFκB activity peaks prior to labour on day 18, while AP-1 activity peaks on day before progressively declining to day 18 and increasing again in labour, while C/EBP activation is consistently low (MacIntyre et al. 2014) . Intriguingly, in the current study, p65 was more active in the PTNL samples than that in the TNL samples. However, cytokine levels were not elevated in the PTNL samples suggesting that it was acting in a pro-inflammatory manner. Indeed, changes in the activity of other transcription factors and molecular switches can modulate the effect of transcription factor activation. However, with the onset of labour, the increase in p65 activity is associated with increased cytokine mRNA expression and could be having other effects, for example, on PR transcriptional activity, facilitating the functional withdrawal of progesterone as has been suggested previously or the increased expression of prolabour genes such as oxytocin receptor or COX-2 (Lindstrom & Bennett 2005 , Khanjani et al. 2011a .
Most gene array studies have reported increased expression of inflammatory genes with established labour (Bisits et al. 2005 , Esplin et al. 2005 , Breuiller-Fouche & Germain 2006 , Bollapragada et al. 2009 , Mittal et al. 2010 , Weiner et al. 2010 ). Maul and coworkers also examined the mRNA expression of a range of cytokines, in lower segment myometrial samples obtained at the time of emergency performed for pathologic fetal heart rate pattern and dystocia (including cephalopelvic disproportion) and found that the mRNA expression of IL-1β, IL-6, CXCL8, but not TNFα (similar to our data), was increased from 6 cm dilatation, but not before . In a second study, this group found that protein levels of myometrial IL-6 and CXCL8 were increased from 4 to 6 cm dilatation and that mRNA expression of both was localized to the glandular epithelium of the cervix (Kemp et al. 2002) . More recently, Srikhajon and coworkers reported that a range of cytokines were increased in lower segment myometrial samples obtained at the time of CS performed in established labour (>3 cm, however, the clinical indication for the CS was not reported) (Srikhajon et al. 2014) . Interestingly, Young and coworkers found that IL-1β, IL-6, CXCL8 and TNFα immunoreactivity was restricted to leukocytes in the myometrium (Young et al. 2002) . However, we found relatively few leukocytes either in early or established labour and while we did not assess their activation status, it seems unlikely that these leukocytes are the exclusive source of the increased myometrial cytokine levels. Indeed, we found that primary cultures of myometrial cells were able to produce significant amounts of cytokines in response to stretch and to IL-1β (Hua et al. 2012) , suggesting that these cells could account for the increased cytokine levels.
Earlier work by Norman and coworkers, using myometrial samples from women in established labour (>3 cm and <9 cm), showed that there is an increase in the inflammatory cell infiltration with labour (Thomson et al. 1999) . Similarly, the work of Keski-Nisula, who examined myometrial sections from 646 consecutive women who underwent CS at various stages of pregnancy, found that myometrial inflammation was rare before the onset of labour and more common with advanced cervical dilatation and in the presence of chorioamnionitis (KeskiNisula et al. 2003) . We too found an increase in neutrophil numbers in early labour, but these were marginating or perivascular and not in the substance of the myometrium. This increase may reflect the increase in myometrial adhesion molecule production reported by Osman and coworkers (Osman et al. 2006) . Further, our study was distinct from these earlier studies, in that we excluded samples from women who had a slow labour, limiting the study to those women who had a normally progressing labour. Most previous studies did not define whether the CS was performed for failure to progress or for fetal distress, but given that the majority of CS are performed for failure to progress, then these are likely to make up the majority of the cases. This indication would typically be associated with a longer labour and greater myometrial work and therefore probably associated with a greater inflammatory response. One study has investigated gene expression in women having a CS for dystocia compared to normally progressive labour (Brennan et al. 2011) . They found that 70 genes were differentially expressed, all 12 related to inflammation were reduced in the dystocia group; however, there were only 4 subjects in each group and both groups had been treated with oxytocin to accelerate labour progression (Brennan et al. 2011) . The CS in the control group was performed at full dilatation for malposition, while the CS for dystocia was performed at between 2 and 4 cm and no comment was made as to whether there were signs of obstructed labour in the dystocia group or whether there were regular uterine contractions in response to the oxytocin (Brennan et al. 2011) . Consequently, the exact pattern of gene expression in obstructed labour is yet to be defined.
The crucial question is whether our findings are also applicable to preterm labour, in our studies in myometrium taken from the women in early preterm labour, we found that samples from women with chorioamnionitis, idiopathic and twin preterm labour showed significant myometrial inflammation, those from women with an abruption did not (N Singh, B Herbert, GR Sooranna, L Edey, SR Sooranna & MR Johnson, unpublished observations).
We found that while the mRNA of IL-6, CXCL8 and CXCL1 (and to a lesser extent IL-1β) increased in established labour in association with an increase in their respective proteins, there was no increase in the mRNA expression of IL-4, IL-10, CCL2 and CXCL2, but their protein levels were increased. This suggests the existence of a posttranscriptional regulation of cytokine levels as has been described previously (Anderson 2008) . We have observed a very similar phenomenon, in ru486-treated mice, where, interestingly, there are increases in protein levels of IL-4, IL-10, CCL2 and CXCL1 and several cytokines, independent of any change in mRNA expression (Edey et al. unpublished observation) . One possible explanation for these observations involves a p38-mediated improved efficiency of mRNA translation that has been described in the myocardium (Streicher et al. 2010) ; we are currently investigating this possibility.
We made the decision to use singleton analysis in the multiplex assays to allow us to compare the maximum number of samples from different groups in the same assay, reasoning that the inclusion of greater numbers of samples would allow us to draw more reliable conclusions about the presence or absence of inflammation across the different stages of pregnancy and labour. The original description of the multiplex assays gives an intra-assay coefficient of variation 2.2-3.4%. We did not repeat this work (duPont et al. 2005) . Similarly, when the luminex multiplex was originally introduced, a comparative paper showed that the luminex multiplex performed best compared to other multiplex platforms when compared with single analyte ELISAs (Fu et al. 2010) . In addition, the multiplex data are fairly consistent across multiple analytes (40), showing no difference between TNL and term early labour (TeL) samples, supporting our conclusions that inflammation occurs after rather than before the onset of labour.
Bayesian networks of cytokine interactions were remarkably consistent across all four settings, suggesting that these inflammatory network structures were broadly conserved across scenarios. This lends credence to the timing of network activation being the preponderant difference between these groups rather than being directly attributable to intrinsic alterations in cytokine interrelationships or profile perturbations. Moreover, any minor differences noted appeared to occur between labouring and non-labouring networks. Among these, CTACK (CCL27) displayed a stepwise relative increase in profile between early and established labour, while I-TAC (CXCL11) was noted to be at relatively elevated concentrations in the early labouring group. Notwithstanding, these changes did not result in downstream network effects, in line with this hypothesis. The nature of these changes is unclear but may relate to altered lymphocyte trafficking in association with the onset of labour. Intriguingly, SDF-1α (CXCL12) was invariably present as a major terminal node in all networks. Although this may be a reflection of the fact that Bayesian networks preclude the existence of structural feedback loops, SDF-1α's (CXCL12) position is nevertheless determined by the confidence of its directed edges. The physiological basis for this position is unclear given the relative paucity of information relating to its role in the onset of labour, although it is likely that it plays a role in the immunomodulation of the later stages of pregnancy and the onset of labour (Rzepka et al. 2016) .
A potential confounder in our analysis is that due to the limitation in the amount of tissue available as we were not able to use the complete cohort of women throughout as we ran out of 4 PTNL, 5 TNL and 4 TeL accounting for the variation in n number and demographic data.
These data show that myometrial inflammation is unlikely to have a role in the onset of term labour. Our finding of NFκB activation in early labour may indicate that labour is a stretch-induced process or may simply be secondary to increased myometrial activity. It seems likely that NFκB activation in early labour is responsible for the later increase in cytokine mRNA and protein levels.
